cations. The number of nonequivalent halogen sites is two (X1, X2). Short Pb--O bonds are located on one side of the Pb 2+ cations and weak Pb-X bonds are located on the other side of the Pb 2+ coordination sphere. The evident strong distortion of the Pb 2+ coordination polyhedra is due to the stereoactivity of the 6s 2 lone electron pairs of the Pb 2+ cations. Pb1-X2 and Pb2-X2 bonds are the most sensitive to the X site occupancy, which is in agreement with the non-linear behavior of the a and c parameters. Determination of unit-cell parameters by single crystal studies showed strong deviation from Vegard's rule. Nonlinearity of the lattice parameters is caused by selective ordering of the halide anions over X1 and X2 sites. Br atoms prefer the X2 position, whereas Cl prefers the X1 site. 2+ double chains to the large halide ions in the crystal structures of the mendipite series compounds.
Introduction
Mendipite Pb 3 O 2 C1 2 is the most abundant mineral among the natural lead oxyhalides. It was first described by Spencer and Mountain (1923) from the Mendip Hills, England. The crystal structure was solved by Gabrielson (1957) and refined in P2 1 2 1 2 1 space group. Later, Vincent and Perrault (1971) refined the crystal structure of synthetic Pb 3 O 2 C1 2 in Pnma. In the same space group, the structure of natural mendipite was refined by Pasero and Vacchiano (2000) . The most recent single-crystal studies of synthetic Pb 3 O 2 C1 2 were published by Krivovichev and Burns (2001) . The crystal structure of Pb 3 O 2 Br 2 was determined using powder samples by Berdonosov et al. (1996) and later by Noren et al. (2002) .
The environmental importance of lead oxyhalides was pointed out by many authors. Pb oxychlorides were detected in dust particles emitted from a lead smelter (Sobanska et al., 1999; Wu, Biswas, 2000) . Pb halides (chloride-bromides) as well as oxy-and hydroxyhalides were observed in automobile exhaust gases (Post, Buseck, 1985) and roadside soils (Smith, 1976) . However, Pb oxyhalides have not only environmental importance and are also of interest from the viewpoint of material science as anisotropic materials with a variety of physical properties that depend strongly on the crystallographic direction. Sigman and Korgel (2005) recently described the synthesis and properties of highly birefringent nanostructures with mendipite composition. To date, detailed chemical and structural information is available for pure oxy-and hydroxychloride (Krivovichev, Burns, 2001a; Siidra et al., 2007 a, b, c) , oxy-and hydroxybromide (Krivovichev, Burns, 2001b; Siidra et al., 2007d; Keller, 1983; Riebe, Keller, 1989) and oxyiodide (Welch et al., 2001) systems, whereas little is known about mixed halide systems such as Cl-Br .
The practical importance of mendipite-related phases prompted us to take a closer look at the crystal chemistry of the Pb 3 O 2 Cl 2 --Pb 3 O 2 Br 2 system. Single-crystal studies of these phases also provide important information pertinent to an understanding of the transport of lead and the crystallization of lead compounds in natural systems. (Table 1 ). Syntheses marked in this table as M1 and M11 are bromine-and chlorine end-member of the Pb 3 O 2 Cl 2 --Pb 3 O 2 Br 2 series, respectively. The produced stoichiometric mixtures were loaded into platinum crucibles and heated in a furnace Carbolite 1200. The following syntheses conditions were found to be optimal to grow single crystals suitable for single crystal X-ray diffraction studies: 1) keeping the mixture at 715
C for 1 h in air; 2) cooling to 685 C with a cooling rate of 1 C min -1 and keeping at this temperature for 15 min; 3) cooling down to room temperature with a cooling rate of 30 C h -1 . The products of the syntheses consisted of yellowish elongated transparent crystals up to 10 mm in size. Powder diffraction patterns were obtained with a Siemens XP18 2 diffractometer for each synthesis to confirm the absence of any by-products. Quantitative electron microprobe analysis provided the chemical formulas for all synthesis products (Table 1) . Camscan-4DV electron-scan microscope and AN-10000 semiconductor spectrometer were used at 20 kV and 0.7 nA. PbLa, BrLa, ClKa were used as analytic lines. Spectrum of the PbMa line was subtracted to get the correct chemical formula because of its overlapping with the ClKa line. PbCl 2 and PbBr 2 were used as standards. All calculations were made using AF4/FLS software.
X-ray data collection
Suitable crystals of the mendipite-related compounds were mounted on a Bruker 1 K three-circle CCD based X-ray diffractometer operated at 50 kV and 40 mA. More than a hemisphere of three-dimensional data was collected for each crystal using monochromatic MoK a X-radiation, with frame widths of 0.3 in 2q, and with 20 seconds spent counting for each frame. The unit-cell parameters were refined using least-squares techniques. The intensity data were integrated and corrected for Lorentz, polarization, and background effects using the Bruker program SAINT. All the crystals were modeled as ellipsoids for semi-empirical absorption-corrections.
Structure solution and refinement SHELX-97 programs within the WINGX package were used for the determination and refinement of the structures of all compounds ( Table 2 ). The refinements were made on the basis of parameters taken from Krivovichev and Burns (2001a) . The final models included atomic positional parameters and anisotropic-displacement parameters for all atoms, and a weighting scheme of the structure factors. Each was refined on the basis of F 2 for all unique reflections. The final atomic coordinates and anisotropic displacement parameters are given in Table 3 , and selected interatomic distances are in Table 4 .
Results
The crystal structure (Fig. 1a) 2+ double chains extend along the b axis (Fig. 1b) . Such chains have previously been observed in the crystal structures of many natural and synthetic lead oxocentered compounds (Krivovichev et al., 2004; Siidra et al., 2007e) . In crystal structures of the studied compounds, the chains occur in two mutually perpendicular orientations with the angle varying from 82.48(12) (M11) to 89.36 (15) (M6). The halogen ions connect the chains through weak Pb-X (X¼Cl, Br) bonds only.
There are three symmetrically independent Pb 2+ cations in the structures of the mendipite series Pb 3 O 2 Cl 2 --Pb 3 O 2 Br 2 . The number of nonequivalent halogen sites is two (X1, X2). Pb1 is coordinated by four O atoms, two X1 and one X2 halogen atoms. Pb2 is coordinated by two O atoms, one X1 and one X2 atom. Pb3 is coordinated by two O atoms, two X1 atoms and two X2 atoms.
Coordination polyhedra for the Pb atoms are shown in Fig. 2 . The short Pb--O bonds located on one side of the Pb 2+ cations have lengths from 2.18 (Pb2--O1 in M3) to 2.48 A (Pb1--O1 in M5) with the average hPb--Oi value of 2.32 A, which is in a good agreement with the values suggested by Krivovichev and Filatov (2001) . The average hPb--O--Pbi angles vary from 109.41 (M5) to 109.48 (M1), which is very close to the value of 109.5 for a regular tetrahedron. The reduction of one or several Pb--O--Pb angle values caused by edge sharing is compensated by increase of the other bond angles (Fig. 3) . Average distances between the lead atoms within the OPb 4 tetrahedra (hPb Á Á Á Pbi) vary from 3.60 ( Table 5 ). The shortest Pb1 Á Á Á Pb2 distance between [O 2 Pb 3 ] 2+ chains is 3.59 A (M11). Edge sharing between two tetrahedra leads to repulsion of oxygen atoms and, as a result, Pb--Pb distances become shorter than those corresponding to the unshared edges.
Note the strong shortening of all Pb Á Á Á Pb distances in the structure of the end-member Pb 3 O 2 Cl 2 ( Table 5) .
The weak Pb-X bonds located on the opposite side of the Pb 2+ coordination sphere vary from 2.89 A (Pb2-X2 in M11) to 3.57 A (Pb1-X2 in M1). The evident strong distortion of the Pb 2+ coordination polyhedra is due to the stereoactivity of the 6s 2 lone electron pairs of the Pb cations, but the X2 halogen site is coordinated by only four Pb 2+ cations. The Pb-X bonds are oriented in space as follows (Fig. 4) : Pb2-X1, Pb2-X2 are oriented along the c axis; Pb1-X2, Pb1-X1, Pb3-X1 -along the b axis; Pb1-X1, Pb3-X2 -along the b axis. The variations for the Pb-X bonds by the exchange of Br for Cl are: Pb1-X1 (Table. 4 ). Pb1-X2 and Pb2-X2 bonds (Fig. 4) are the most sensitive ones to the X site occupancy, which is in agreement with the non-linear behavior of the a and c parameters (Fig. 5) . The Pb-X bonds oriented along the b axis change only slightly.
The unit-cell parameters as determined by single crystal studies showed strong deviation from Vegard's rule (Vegard, Dale, 1928; Urusov, 1992) , which can be clearly seen in Fig. 5 . Note that the cell volume changes almost linearly (Fig. 6) . Nonlinearity of the lattice parameters is caused by selective ordering of the halide anions over two crystallographically nonequivalent sites, X1 and X2 (Table 3; Fig. 7 ). Br atoms prefer the X2 position (Table 3) , whereas Cl prefers the X1 site. Cl atoms are absent in the X2 site in M1--M3 samples. In M4--M6 samples, the X2 site is also predominantly occupied by Br atoms. Cl begins to prevail in this position only in the three last samples, M9--M11. On the contrary, the X1 site is preferred by Cl atoms. It is occupied exclusively by Cl in M10, M11 sample.
The j angle between the faces of two adjacent OPb 4 tetrahedra (Fig. 8) chain geometry that much. With the decrease in the X1 site occupancy (Table 3) by the Br atoms, the j angle increases (Table 6 , Fig. 9 ). Starting from the M7 composition, the j angle begins to decrease, reaching 71.102(5) in M11 that contains Cl atoms only, thus "closing" or "pulling together" the square unit formed by the four adjacent tetrahedra of the [ 2+ double chains obviously adapt their geometry to the size of the X atom. Br or Cl ions in the X1 site are attached to the square unit as shown in Fig. 8 and "stretching" or "pulling together" this unit, accordingly. This mechanism resembles the scheme of adaptation of XA 2 (X¼O, N; A ¼ metal) single anion-centered tetrahedral chains to the large halide ions in the crystal structures of some Ln nitro-and oxyhalides suggested by Krivovichev and Filatov (1998) . From the M7 sample, the X1 site becomes essentially chlorine-rich (Table 3) , which leads to the "closing" of the square unit formed by the four adjacent OPb 4 tetrahedra. Occupancy of the X1 site by bromine atoms becomes smaller than 0.15 (Table 3) .
Thus, since the M7 composition, the crystal structure becomes less "strained", which leads to the decrease in the j angle.
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